The toxicity of lead (Pb) to fungi in pure culture was influenced by several abiotic factors: pH, inorganic anions, clay minerals, and particulate (humic acid) and soluble organic matter. The toxicity of Pb was potentiated under acidic conditions (pH 5 and 6), and phosphate or carbonate anions reduced the toxicity, apparently as a result of the formation of sparingly soluble Pb salts. Clay minerals (montmorillonite > attapulgite > kaolinite) and particulate humic acid protected against the toxicity of Pb, presumably as the result of sorption, by cation exchange, of the Pb to the exchange complexes, which reduced its availability for uptake by the fungi. Soluble organics, such as tryptone, yeast extract, cysteine, succinic acid, and increasing concentrations of neopeptone, also reduced the toxicity of Pb.
Industrialization and domestic activities have resulted in increased mobilization and deposition of heavy-metal pollutants, including lead (Pb), in natural habitats. Elevated concentrations of Pb in soils and vegetation have been attributed to Pb-containing products from the combustion of leaded gasoline (22) , liquid and vapor wastes from coal-burning and metalsmelting activities, and Pb-arsenate pesticides and phosphate fertilizers (21) . The average concentration of Pb in a variety of soils in Canada ranged from 100 ,g/g in soil from rural areas, to 200 to 300 ,ig/g in soils from urban areas, to 300 to 400 ,tg/g in soils near highways, and up to 21 ,000 Lg/g in soils near a secondary smelter (24) . The average background concentration of Pb in soils from Western Canada was 9.1 ,ug/g, with a range from 0.6 to 180. 4 ,ug/g, whereas soils near a battery factory had concentrations ranging from 106 to 59,580 ,ug/g (19) . Elevated concentrations of Pb in soils near smelting complexes were also found at Palmerton, Pa. (8) , and at Avonmouth, England (25) .
Most studies of the toxicology of Pb have focused on human beings (15) and plants (20) , and there have been few studies on the effects of Pb on microorganisms. Some bacteria appear to be capable of immobilizing substantial quantities of Pb in their cell walls/cell membranes without injurious effects on cell viability (42) , and some strains of Staphylococcus aureus contain plasmids that confer resistance to several heavy metals, including Pb, as well as to penicillin (28) . Other bacteria (36, 45) methylated Pb (added as trimethyl Pb acetate) to volatile tetramethyl Pb, which was inhibitory to growth and photosynthesis of algae. Inorganic Pb (i.e., Pb2+) also inhibited growth and photosynthesis of marine algae (7, 26) and cyanobacteria (26) , nitrogen fixation by cyanobacteria (17) , germination of spores and mycelial growth of fungi (10, (37) (38) (39) , and growth of protozoa (11, 33) .
Heavy-metal pollutants, including Pb, also affect many subtle microbial activities and interactions. A concentration of 5 23, 1974 ) and of the leaf surface of plants (14) from sites heavily contaminated with Pb and other heavy metals had a lower species diversity than did soils and plants from noncontaminated sites.
Studies with cadmium (2-4), zinc (5) (Table 1 ). The mycelial growth of some phylloplane fungi, e.g., Pleurophomella sp., Epicoccum sp., Pestalotiopsis sp., and Aureobasidium pullulans, was also inhibited by Pb at comparable concentrations (37, 38) . The pH of the medium influenced the response of the fungi to Pb: the toxicity of 1,000 ,ug of Pb per ml to T. viride progressively decreased as the pH was increased from 5 to 9, and the toxicity of 2,000 ,ug of Pb per ml to A. niger was greatest at pH 5 and 6 and was reduced at pH 7, 8, or 9 ( Table 2 ). The inorganic form of Pb is pH dependent: at pH 5 and below, Pb exists as the divalent cation, Pb2+; at pH 6, approximately 50% exists as Pb2+ and 50% as the monohydroxylated species, PbOH+; at pH 7, approximately 70% occurs as PbOH+ and 30% as Pb2+-and at pH 8 to 9, almost all the Pb exists as PbOH+ (16) . Polynuclear coordination com- (11) , possibly due to the formation of greater quantities of PbCO3 in the hard water. Similarly, the sparingly soluble Pb salts, PbO, PbS, and PbCO3.Pb(OH)2, were not toxic to A. niger, whereas equivalent concentrations of free Pb2+ were highly toxic (46) . Apparently, Pb in the form of sparingly soluble inorganic salts is less available for uptake by microbes than is free Pb.
The toxicity of 1,500 Mg of Pb per ml towards the mycelial growth of T. viride and C. echinulata was reduced by the incorporation of 1% (wt/vol) attapulgite or montmorillonite, but not of kaolinite, into the medium. Increasing the concentrations of the clays from 1 to 3% progressively reduced the toxicity of 250 Mug of Pb per ml to A. giganteus, R. solani, F. solani, and C. echinulata, and at equivalent concentrations of clay, the sequence of protection was montmorillonite > attapulgite > kaolinite (Table 4) . Kaolinite, attapulgite, imite, and montmorillonite have been shown to adsorb Pb and, thereby, remove the metal from solution (13, 27) . By exchanging the Pb in the medium for the cations (e.g., Ca2+, Mg2+, K+, Na+, H+) on the exchange complex of the clays, the amount of free Pb available for uptake by the fungi was reduced. Montmorillonite and, to a lesser extent, kaolinite also provided protection to bacteria, including ' Mean radial growth ± standard error of the mean. actinomycetes, and fungi against inhibitory levels of cadmium (3) .
To determine the mechanism whereby the clays differentially protected the fungi against the inhibitory effects of Pb, the concentrations of the clays were converted to reflect their cation-exchange capacity. The sequence of protection provided by the clays was correlated with the sequence of the cation-exchange capacity of the clays (Fig. 1) progressively decreased the toxicity of 750 ,tg of Pb per ml towards the mycelial growth of R. solani, A. giganteus, F. solani, and C. echinulata (Table 5) . Humic acids have a strong affinity for Pb and can bind substantial quantities, apparently primarily by cation exchange (9, 40) . The mechanism of protection provided by humic acid against the toxicity of Pb may have been similar to that of the clay minerals, i.e., adsorption to the exchange complex with subsequent removal, at least temporarily, of Pb from solution and, therefore, limiting of the availability of Pb for uptake by the fungi.
The addition of 10' M cysteine to the medium reduced the toxicity of 100 ,ig of Pb per ml to F. solani and A. giganteus (Table 6) . As Pb has a strong affinity for sulfhydryl groups (44), the Pb probably reacted with the cysteine, as evidenced by the darkening of the medium, and Pb complexed to cysteine was less toxic than was free Pb. The addition of 102 M succinic acid to the medium also reduced the inhibitory or lethal effect of 200 ,tg of Pb per ml to R. solani, F. solani, A. giganteus, and C. echinulata (Table  6 ), probably as a result of the chelation of Pb by the dicarboxylic acid. Chelated forms of Pb were also less toxic to growth of A. niger (46) and C. reinhardtii (35) and were less readily taken up by Phaeodactylum tricornutum (34) than was free Pb. When the concentration of neopeptone in the medium was increased from 0.5 to 1.5%, the toxicity of 50 and 100 Mg of Pb per ml to A. giganteus and C. echinulata, respectively, was decreased (Table 7) . When 0.5% peptone was APPL. ENVIRON. MICROBIOL.
substituted for an equivalent concentration of neopeptone, the toxicity of 100 Mug of Pb per ml to C. echinulata was slightly increased, but the toxicity was greatly reduced when 0.5% tryptone or yeast extract was substituted for neopeptone (Table 8 ). Other studies have also shown that soluble organics react with heavy metals and that different organics have differential affinities for the same heavy metal (31) .
The present studies, as well as those of others, were conducted in laboratory media and not in a natural microbial environment; however, the results indicate that abiotic environmental factors (e.g., pH, inorganic anions, clay minerals, particulate and soluble organic matter) have the potential to influence the toxicity of Pb, and probably of other heavy metals, to microbes in natural habitats. Thus, in assessing and predicting the toxicity of pollutants to the microbiota, and to the biota in general, attention must be focused on the specific physicochemical abiotic characteristics of the recipient environment, which may attenuate or potentiate the toxicity of the contaminants (1, 6; Babich and Stotzky, in press).
